Compressive sampling (CS) has attracted considerable attention in microwave and radio frequency (RF) fields in recent years. It enables the acquisition of high-frequency signals at a rate much smaller than their Nyquist rates. Combined with photonics technology, traditional CS systems can significantly enlarge their operating bandwidth, which offers great potential for spectrum sensing in cognitive radios. In this Letter, we review our recent work on photonic CS systems for wideband spectrum sensing. First, a proof-of-concept photonics-assisted CS system is demonstrated; it is capable of acquiring numerous radar pulses in an instantaneous bandwidth spanning from 500 MHz to 5 GHz with a 500-MHz analog-to-digital converter (ADC). To further reduce the acquisition bandwidth, multi-channel photonics-assisted CS systems are proposed for the first time, enabling the acquisition of multi-tone signals with frequencies up to 5 GHz by using 120-MHz ADCs. In addition, the system bandwidth is increased from 5 to 20 GHz by employing time-interleaved optical sampling.
Radio frequency (RF) detection and identification is of great importance in modern radar and communication applications [1] . In general, RF signal acquisition should obey the Nyquist-Shannon sampling theorem: the sampling rate should be at least twice the highest frequency of the signals. However, when dealing with multi-band signals whose spectral support resides within several continuous intervals spread over a wide spectrum, their Nyquist rates may exceed the specifications of state-of-the-art analog-to-digital converters (ADCs) by orders of magnitude. Photonic ADC is a strategy for overcoming the bottleneck of electronic ADCs [2] [3] [4] [5] . Meanwhile, another strategy called compressive sampling (CS), which exploits the sparsity structure of signals and enables signal acquisition at a rate that is orders of magnitude lower than their Nyquist rate, has been proposed [6] . It achieves rapid acquisition of ultra-wideband signals and blind spectrum sensing, which are quite difficult to achieve in typical radar and communication applications. Currently, electronic hardware systems based on CS have been built and demonstrated [7] [8] [9] [10] . However, due to the bandwidth limits of their electronic components, acquiring signals with high frequencies (on the gigahertz scale) by using all-electronic CS systems is significantly challenging. As photonic components are superior to electronic ones in terms of operational bandwidth, photonics-assisted CS systems have emerged in recent years and their operating bandwidth can be extended to tens of gigahertz [11] [12] [13] [14] . In Ref. [11] , a compressively sampled photonic link was proposed and 1-GHz harmonic signals were exactly reconstructed even when digitizing them at only 500 MS/s. Reconstruction of multi-band RF signals was demonstrated by using a photonic CS ADC [12] . A new CS architecture based on a photonic time stretch was reported in Ref. [13] , enabling fast acquisition of multi-tone signals with a large bandwidth. Another wideband CS system unambiguously identifies RF signals from DC to 50 GHz in a 5-GHz instantaneous band at a sampling rate down to 8% of the Nyquist rate [14] . These photonics-assisted CS systems are demonstrated to enable perfect reconstruction of simple multi-tone or multi-band RF signals. In modern electronic reconnaissance or electronic warfare, the electromagnetic environment is quite complex, and wideband spectrum sensing without prior knowledge is becoming more and more important. On the one hand, only simple microwave signals (e.g., multi-tone signals) are handled by using photonic CS systems [11] [12] [13] [14] , and no trial has yet been done for the estimation of complex spectrums (e.g., numerous radar pulses), which motivates us to construct a photonics-assisted CS platform for radar signal acquisition in a complex electromagnetic environment. On the other hand, the operating bandwidth of photonics-assisted CS systems is proportional to the bit rate of random codes, and the sampling rates of digitizers need to be improved with the increasing system bandwidth. However, ADCs with high sampling rates not only degrade the spurious free dynamic range (SFDR) of the system, but they are also too bulky and expensive. It is very difficult to achieve wideband spectrum estimation (e.g., tens of gigahertz) without performance degradation only by increasing the bit rates of random codes. Consequently, a parallel architecture for photonics-assisted CS system like the one described in Ref. [8] should be designed, and thus, the bandwidth of each channel can be further decreased.
In this Letter, a proof-of-concept photonics-assisted CS platform for radar signal acquisition is implemented and demonstrated [15] . A compact architecture composed of an IQ modulator and a photodetector (PD) is utilized to perform spectrum compression of radar signals. Approximately 10 6 radar pulses spanning from 500 MHz to 5 GHz are quickly acquired per second with a 500-MHz ADC. To further decrease the sampling rates of ADCs, multichannel photonics-assisted CS systems are proposed for the first time to our knowledge [16] . A four-channel CS system enables us to acquire multi-tone signals with frequencies up to 5 GHz with 120-MHz ADCs. To fully take advantage of photonic techniques, ultrashort optical pulses are used as the light source, and the time-interleaving technique is used to generate a high-speed non-uniform sampling sequence, which can significantly extend system bandwidths to 20 GHz [17] . To implement the proposed multi-channel photonicsassisted CS systems, frequency mixing between the input RF signal xðtÞ and the pseudo-random binary sequence (PRBS) signal mðtÞ should be performed by using photonic devices. Herein, we assume that the length and period of the PRBS signal mðtÞ are N and T p , respectively. As shown in Fig. 1 , the spectrum of the PRBS signal is a comb of frequencies with a spacing of f p , and the input RF signal xðtÞ is frequency sparse. The input signal xðtÞ needs to be encoded with multiple PRBS signals, which can be generated by introducing different time delays to a PRBS signal. The generation of time-delayed PRBS signals can be implemented by using an intensity modulator and fibers of different lengths [16] . The frequency mixing process can be done by using another intensity modulator. Through optical-to-electrical conversion, the resultant mixing signal is expressed as
where Δτ i is the introduced time delay in the ith channel, and V π is the half-wave voltage of the modulator. Herein, we assume that the half-wave voltages of two modulators are identical. In the frequency domain, the spectrum of the mixing signal is given by
where Xðf Þ and M i ðf Þ are the spectra of xðtÞ and mðt − Δτ i Þ, respectively, N 0 ¼ 0.5ðN − 1Þ, and a i;k is the coefficient of the kth comb of M i ðf Þ. Then, the mixing signal goes through a low-pass filter (LPF) with a cut-off frequency of 0.5Lf p , where L is an odd integer. Herein, we assume that the frequency response of the filter is an ideal rectangular function and the lowest frequency of the input signal is higher than the cut-off frequency of the filter. Consequently, the filtered signal can be written as
The third term in Eq. (3) is the required measurements for signal reconstruction, defined as Y i ðf Þ,
which is obtained by removing the DC component and the known spectrum M i ðf Þ through digitization and postsignal processing. Equation (4) may be rewritten in matrix form, 2 6 6 6 6 6 6 6 4
where each element of Y i is an f p -width sub-spectrum, and A i is an L × N measurement matrix corresponding to the i-th channel. For explicit expression, let L 0 ¼ 0.5ðL − 1Þ in Eq. (5). In terms of a single-channel photonics-assisted CS system, the mathematical model is described as Eq. (5). However, when considering an M -channel photonicsassisted CS system, as shown in Fig. 1 
where the measurement vector Y is composed of Y i ði ¼ 1; 2; …; M Þ, and A is an LM × N matrix constructed from sub-sensing matrices A i ði ¼ 1; 2; …; M Þ. By adopting suitable reconstruction algorithms, the vector X can be exactly reconstructed from the measurement vector Y [18] . Finally, an inverse fast Fourier transform (IFFT) operation is performed to obtain the input RF signal xðtÞ.
Whether in single-channel or multi-channel systems, reconstruction accuracy is only determined by the number of measurements. If identical reconstruction accuracy is required in both cases, the same number of measurements should be captured. However, the increasing number of channels leads to a reduction of the acquisition bandwidth of each channel. Therefore, the parallel architecture can further relax the pressure in data sampling.
The architecture of the single-channel photonicsassisted CS system is shown in Fig. 2 . A continuous-wave (CW) laser (1550-nm center wavelength, 100-kHz linewidth, and 15-dBm output power) is used as the light source. A 127-bit PRBS is generated through a pulse pattern generator (PPG) driven by a 10.16-GHz clock signal. To demonstrate the feasibility of this system in complex electromagnetic environments, an arbitrary waveform generator (AWG) (Tektronix 7122B) is used to generate numerous radar pulses for spectrum estimation. The bit rate of the PRBS limits the system bandwidth to 5 GHz. A 12.5-GHz IQ modulator is driven by the radar pulses and the PRBS simultaneously, followed by a 1-GHz PD, where all the spectral components of radar signals are transferred to the low-frequency band. An LPF is used to extract the useful spectral information. The output signal is then acquired by an off-the-shelf ADC with a 500-MHz bandwidth. Finally, signal reconstruction is performed offline by a digital signal processor (DSP).
A rectangular pulse and a linear frequency modulated (LFM) pulse are tested to evaluate the performance of this photonics-assisted CS system. The rectangular pulse has a 3.21-GHz carrier frequency and a 2-μs duration. Figures 3(a) and 3(c) show the normalized power spectral density of the input rectangular pulse and the reconstructed one, respectively. The reconstruction error of its carrier frequency is about 100 kHz. The inset in Fig. 3(c) gives the temporal waveform of the recovered pulse. The tested LFM pulse has a 3.22-GHz center frequency, a 10-MHz bandwidth, and a 1-μs pulse duration, as depicted in Fig. 3(b) . The corresponding reconstruction results are shown in Fig. 3(d) . Mixed with a local oscillator signal at 3.21 GHz, the waveform of the recovered LFM pulse after down conversion is shown in Fig. 3(d) . All the above results imply a perfect reconstruction.
In terms of complex spectrum sensing, approximately 100 radar pulses spanning from 500 MHz to 5 GHz in 0.1 ms are generated for testing. The corresponding reconstruction results are presented in Fig. 4 . The spectrogram of the input pulse stream is shown in Fig. 4(a) . The horizontal axis denotes the frequency, and the vertical axis denotes the time. The reconstructed spectrogram is shown in Fig. 4(b) , from which we can find that all the spectral components are exactly estimated. Meanwhile, due to the nonlinearity existing in the photonic link, undesired high-order harmonics emerged and aggravated the signal-to-noise ratio (SNR) of the system. Figure 5 gives a zoomed-in view of a certain 5-μs spectrogram in Fig. 4 . The spectrum and spectrogram of the original signal are presented in Figs. 5(a) and 5(b), respectively, and the corresponding reconstruction results are given in The sampling rate of the back-end ADC has important effects on the system performance. ADCs with high sampling rates not only degrade the SFDR of the system, but also are too bulky and expensive. Therefore, to further decrease the acquisition bandwidth, a multi-channel CS system is proposed [16] . Figure 6 presents the architecture of a four-channel CS system with a bandwidth of 5 GHz. A four-wavelength distributed-feedback (DFB) laser array with wavelengths of 1546.12, 1547.72, 1550.12, and 1551.72 nm is used as the light source. A 10.16-Gb/s PRBS signal, generated by the PPG, modulates the four optical waves simultaneously via a Mach-Zehnder modulator (MZM). Then, a wavelength demultiplexer (DEMUX) is used to separate the four-wavelength PRBS signals, and different time delays are individually introduced to each wavelength by using fibers of different lengths. After that, four delayed signals are combined together by a wavelength multiplexer (MUX). The relative time delays between the PRBS signal in 1547.12 nm channel and those in other three wavelength channels are approximately 0.34, 2.5, and 8.41 ns, as shown in Fig. 7 . Another MZM is used to mix the input RF signal with four-channel PRBS signals. The mixing signal is demultiplexed and then detected by a narrow-band PD in each channel. After passing through a low noise amplifier (LNA) and an LPF, the mixing signal are quantized by a four-channel digital phosphor oscillator (DPO) (Tektronix 72004B), which is used as an ADC array. The bandwidth of each ADC is decreased to 120 MHz. Finally, spectrum estimation is performed offline.
To demonstrate the four-channel CS system, a twenty-tone signal is tested. Figure 8(a) shows the input RF spectrum, measured by a spectrum analyzer (Anritsu MS2668C) with a 10-kHz resolution. The spectrum of four-channel mixing signal is shown in Fig. 8(b) . It can be observed that the in-band SNR of the mixing signal degrades to about 26 dB, which primarily results from the noise folding in the signal mixing process [19] . To demonstrate the effects of different acquisition bandwidths on the reconstruction performance, the recovery results for 120-and 200-MHz bandwidths are presented in Figs. 8(c) and 8(d), respectively. The twenty-tone signal is exactly reconstructed in both cases, and their SNRs are increased by about 10.0 and 11.5 dB, respectively.
To obtain better system performance, besides decreasing the sampling rates of digitizers, the system bandwidth should be increased simultaneously. To take full advantage of the priority of photonic techniques, we extend the system bandwidth to 20 GHz by employing timeinterleaved optical sampling. The architecture of the ultra-wideband CS system is shown in Fig. 9 and includes four parts: the generation of four-wavelength PRBSmodulated optical pulses with pre-designed time delays, signal mixing, the acquisition of compressed signals, and signal reconstruction. First, four optical frequency combs (OFCs) (centered at 1546.12, 1547.72, 1550.12, and 1551.72 nm) are generated by using cascaded intensity and phase modulators driven by a tone at 10.16 GHz, as shown in Fig. 9 . The optical spectrum of the generated comb is presented in Fig. 10(a) . A waveshaper is used to make individual phase compensation for each OFC (see Fig. 10(b) ), and then the initial sinusoidal waveform is converted into a Gaussian-like pulse with a 10-ps duration, as shown in Fig. 10(c) . Then one 10.16-Gb/s PRBS is generated to intensity modulate the optical pulses by using an MZM. The four PRBS-modulated pulses are separated and temporally delayed (as described above). Then, four time-delayed PRBS pulses are recombined by an MUX and mixed simultaneously with an RF signal by another MZM biased at quadrature. Four mixing signals are separated by a DEMUX. Each one is detected by a PD, filtered by an LPF, and amplified and acquired by an ADC. Finally, by using a DSP, the input RF spectrum is reconstructed from the compressed spectrum with a 360-MHz bandwidth. Figure 11 (a) gives an eye diagram of a one-wavelength PRBS-modulated pulse train. The 6-dB bandwidth of the photodetected PRBS pulses is 40 GHz, as Fig. 11(b) shows, which guarantees a flat power-frequency response over the whole frequency range from 0.5 to 20 GHz in spectrum compression.
To evaluate the recovery performance of this ultrawideband CS system, two groups of multiple tones are tested. The frequencies of the first multi-tone signal are 2.418, 3.291, 4.976, and 18.405 GHz, and the frequencies of the second one are 2.418, 4.976, 12.024, and 18.405 GHz. Their spectrum is measured by an Anritsu MS 2668C spectrum analyzer with a 100-kHz resolution, as depicted in Figs. 12(a) and 12(b) . After sub-sampling, the discrete spectrum of the mixing signals from four channels with a 50-kHz resolution and a 360-MHz bandwidth are acquired and used as the measurements for signal reconstruction (see Figs. 12(c) and 12(d) ). Finally, the reconstructed RF spectrum is given in Figs. 12(e) and 12(f). It can be observed that the reconstructed power spectrum matches well with the input ones in both cases and the frequency error achieved is 25 kHz, which is determined by the sampling depth.
In conclusion, a single-channel photonics-assisted CS platform for radar signal acquisition is implemented and demonstrated, achieving accurate signal reconstruction in a complex electromagnetic environment. In addition, a parallel architecture is proposed, enabling the reduction of the acquisition bandwidth in each channel. Meanwhile, the system bandwidth is extended to 20 GHz by employing time-interleaved optical sampling. However, the process of optical-to-electric conversion and electric-to-optical conversion in our system lead to significant optical power loss, which degrades the SNRs of the reconstructed signals. Therefore, when signals with ultra-low power are acquired by our systems, their reconstructed counterparts will be degraded badly due to optical power loss and noise folding [19] . To solve this problem, the received signals need to be amplified by using LNAs before entering the system. Modulators and PDs with high efficiency are required for reduction of optical loss. On the other hand, the operating bandwidth of the photonics-assisted CS system is limited by the bit rate of PRBS signal. Therefore, we can use a PPG with a higher rate to further increase the system bandwidth. The combination of CS and photonic techniques is a completely new approach for signal acquisition, and it offers great potential for spectrum estimation in cognitive radios and electronic reconnaissance. 
